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Phosphate kinetics during hemodialysis: Evidence for biphasic hyperphosphatemia and its treatment with calcium-con-
regulation. taining phosphate binders also may be a factor in the
Background. Hyperphosphatemia in the hemodialysis pop- progressive calcific vascular disease, which occurs in dia-ulation is ubiquitous, but phosphate kinetics during hemodialy-
lyzed patients and is a potential contributor to the in-sis is poorly understood.
creased incidence of premature cardiovascular death inMethods. Twenty-nine hemodialysis patients each received
one long and one short dialysis, equivalent in terms of urea this population [1]. It has been shown that a pre-dialysis
clearance. Phosphate concentrations were measured during serum phosphate concentration of 2.1 mmol/L is asso-
each treatment and for one hour thereafter. A new model of ciated with increased mortality [2, 3]. In recognition of
phosphate kinetics was developed and implemented in Vis-
such factors, the British Renal Association has institutedSim. This model characterized additional processes involved
a target pre-hemodialysis serum phosphate value of 1.2in phosphate kinetics explaining the departure of the measured
data from a standard two-pool model. to 1.7 mmol/L [4]. There is no firm evidence that reducing
Results. Pre-dialysis phosphate concentrations were similar pre-hemodialysis phosphate levels to this degree is bene-
in long and short dialysis groups. Post-dialysis phosphate con- ficial, however, and only about 30% of British hemodial-
centrations in long dialysis were higher than in short dialysis ysis patients achieve this target [5]. Non-compliance with(P  0.02) despite removal of a greater mass of phosphate
diet and phosphate binders is often cited as the major(P  0.001). In both long and short dialysis serum phosphate
cause of poor phosphate control, but shortened dialysisconcentrations initially fell in accordance with two-pool kinet-
ics, but thereafter plateaued or increased despite continuing times undoubtedly contribute. We have studied intradia-
phosphate removal. Implementation of an additional regula- lytic phosphate kinetics in long and short dialysis. We
tory mechanism such that a third pool liberates phosphate to have used a mathematical modeling approach to investi-maintain an intrinsic target concentration (1.18 0.06 mmol/L;
gate the degree to which serum phosphate levels during95% confidence intervals, CI) explained the data in 24% of
hemodialysis may be controlled, and to infer the maintreatments. The further addition of a fourth pool hysteresis
element triggered by critically low phosphate levels (0.80  elements of the regulatory process.
0.07 mmol/L, CI) yielded an excellent correlation with the
observed data in the remaining 76% of treatments (cumulative
METHODSstandard deviation 0.027  0.004 mmol/L, CI). The critically
low concentration correlated with pre-dialysis phosphate levels Patients
(r  0.67, P  0.0001).
Twenty-nine stable hemodialysis patients (26 male, 3Conclusion. Modeling of phosphate kinetics during hemodi-
alysis implies regulation involving up to four phosphate pools. female) were studied. Their median age was 54 years
The accuracy of this model suggests that the proposed mecha- (19 to 81 years) and they had been stable on hemodialysis
nisms have physiological validity. for at least three months. All patients dialyzed via an
arteriovenous fistula and the absence of access recircula-
tion was confirmed by a saline dilution method with a
Hyperphosphatemia is a well-recognized complication sensitivity of 5% [6]. Residual renal solute clearance
of chronic renal failure (CRF), and is important in the (KRU) varied from 0 to 4.0 mL/min (mean 1.2  0.3)
pathogenesis of secondary hyperparathyroidism. Chronic but was disregarded for the purposes of the study. Pa-
tients who were severely malnourished (normalized pro-
Key words: hyperphosphatemia, kinetic modeling, intracellular fluid, tein catabolic rate (NPCR)0.7 and albumin35 g/L) or
extracellular fluid, two-pool model, three-pool model, four-pool model. hospitalized with infection or heart failure were excluded.
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alysis fluid and polysulphone dialyzers (Fresenius HF80 or using VisSim (Visual Solutions Inc.) modeling soft-
ware. This environment offered the possibility to importF60). Blood flow rates (Qb) were 253 to 545 mL/min and
the observed data, facilitating direct comparison againstdialysis fluid flow rates (Qd) were 500 to 800 mL/min. The
the models. The measured dialyzer clearance (Kd meas),same equipment was used for hemodiafiltration (HDF),
Qb, Qd, dialysis time (Td), sex, pre- and post-dialysisbut 100 to 120 mL/min filtration was performed simultane-
weights were provided as inputs to the model.ously. Replacement fluid was generated by filtration of
For each of the models the standard deviation betweenthe dialysate using the Fresenius on-line HDF system.
the data and the model was calculated via the expression:
Study protocol
1N 
N
i0
(Ce_Data(i)  Ce_Model(i))2 (Eq. 2)Patients were studied during a conventional hemodial-
ysis (mean 240.7 5.3 min) and a short hemodiafiltration
(mean 147.3  6.5 min) on the same day of consecutive This provided an objective measure of the degree of fit
weeks [7]. Dialysis prescriptions were adjusted to achieve over the whole treatment and measured rebound period.
a desired two-pool Kt/V (urea) of 1.0, where K is the
Urea modeldialyzer clearance rate, t is the duration of the dialysis
session, and V is the urea distribution volume or total The two-pool model of urea kinetics during hemodial-
body water volume (TBW). The dose of dialysis required ysis is well validated and assumes a dynamic equilibrium
to achieve the desired Kt/V (dKt/V) was calculated from between intracellular and extracellular compartments.
the equation: The model can be represented schematically (Fig. 1),
graphically (Fig. 2), and mathematically (Appendix).
The dialyzer clearance of solute (Kd) induces diffusivet  desired Kt/V  VK  tp (Eq. 1) flux of solute (Fd) from the extracellular space and intro-
duces disequilibrium between the intracellular and extra-where tp compensates for urea rebound in the post-
cellular compartments. Solute then diffuses freely downdialytic period in accordance with two-pool kinetics. In
the concentration gradient (F1) at a rate determined byall treatments tp was set to 35 minutes as described
the intracellular to extracellular transfer coefficient (Kie).previously [7].
In addition the ultrafiltration process adds convective
flux of solute (Fc). Total body water volume (V) wasSampling and assay techniques
calculated according to the Watson formula [8] with anBlood samples were taken from the arterial needle
assumed intracellular to extracellular volume ratio ofbefore the start of HD/HDF (tia), from the arterial line
2:1. The mass transfer coefficient (Kie) between the intra-at five equally spaced time intervals during HD/HDF
cellular and extracellular spaces was manipulated to(ti2ti6) and at the end of the treatment without slowing
achieve the best fit with the two-pool model. Wherethe blood pump (td). Further samples were taken at 2,
adjustments to the total body water were required the15, 30 and 60 minutes post-dialysis from the fistula nee-
intracellular and extracellular volumes were reduced in
dle. The washback was performed after the two-minute
equal proportions as this was considered to be more
sample. The ultrafiltration rate (Qf) was calculated from physiologically representative of the effects of peripheral
pre- and post-dialysis weight. The blood flow rate (Qb) compartmentalization and thus effective solute distribu-
was measured after the dialysis by timed volumetric mea- tion volume. An element of cardiopulmonary recircula-
surement under the same conditions as obtained during tion (CPR) was included in the design of the model.
dialysis. Dialyzer clearance was calculated approxi-
mately twenty minutes after the start of HD/HDF from Phosphate models
the dialyzer inlet and outlet concentration measure- Since the kinetics of urea is more straightforward, this
ments, taking hematocrit into account. Concentrations marker was used as the reference for establishing the
of urea, creatinine, phosphate and bicarbonate were compartment volumes, intracellular to extracellular ra-
measured using a Hitachi-717 autoanalyzer. tio, and cardiopulmonary recirculation effects. Phos-
phate was assumed to be distributed in the same spaces
Data analysis and subject to the same basic factors influencing urea
Statistical analysis. Statistical analysis was carried out kinetics. The initial conditions were set to the prevailing
using the Student t test for paired samples and linear phosphate concentration at the start of simulation.
correlation as appropriate. A P value0.05 denoted the Model A. This model was characterized by a simple
presence of a statistically significant difference. Mean two-pool kinetic system as described for urea kinetics.
values are quoted with 95% confidence intervals unless A schematic representation of the model is shown in
otherwise stated. Figure 1 with the derivation of the model provided in
the Appendix.Mathematical modeling. Models were implemented
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Fig. 1. Model A: Schematic representation of two-pool kinetics. Abbreviations are: Me, extracellular mass of solute; Ce, extracellular concentration
of solute; Ve, extracellular volume; Mi, intracellular mass of solute; Ci, intracellular concentration of solute; Vi, intracellular volume; F1, intercompart-
mental flux; Fd, diffusive flux across dialyzer membrane; Fc, convective flux across dialyser membrane; Kd, dialyzer clearance; Kie, cell membrane
mass transfer coefficient.
from a third pool into the extracellular space limiting the
fall of phosphate levels below an intrinsic target concen-
tration. No assumptions were made regarding the source
of the additional phosphate. The phosphate generation
process was assumed to be proportional to the difference
between the momentary extracellular phosphate concen-
tration and the intrinsic target concentration. The con-
stant of proportionality or “gain” determined the magni-
tude of the rate of phosphate generation. Values for the
intrinsic target concentration and the gain were opti-
mized manually by direct inspection of the data and
comparison of cumulative standard deviation measure-
ments. The rate of removal by the dialysis process was
matched by concomitant liberation of phosphate via the
regulatory process, thus maintaining phosphate concen-
Fig. 2. Graphic representation of two-pool kinetics. Symbols are: (solid trations in accordance with the data. It is probable that
line) extracellular concentration according to the model; (dotted line)
intracellular phosphate is protected, since phosphateintracellular concentration according to the model.
plays a key role in all energy dependant processes within
the cell. Intracellular phosphate concentrations are not
readily measured so the extracellular phosphate concen-
Model B. The established elements from model A were tration was used as a surrogate of the intracellular con-
implemented, and a regulatory mechanism involving a centration. The mass transfer of phosphate across the
third pool was added. This regulatory mechanism en- cell membrane was assumed to be a bi-directional pro-
deavored to maintain a predetermined target phosphate cess, thus enabling the intracellular phosphate concen-
concentration that was initially inferred by inspection tration to re-establish equilibrium with the extracellular
of the nature of the rebound period and subsequently space in the post-dialysis period. A schematic representa-
optimized. Initially it was assumed that phosphate would tion of the model is shown in Figure 3 with the derivation
enter the intracellular environment from an internal of the model provided in the Appendix. One representa-
third pool and that the intracellular to extracellular trans- tive treatment is shown in Figure 4.
fer coefficient for phosphate (KiePO4) would remain con- Model C. This model implemented all the elements
stant throughout the treatment. Using this variant of the of model B with the further introduction of a fourth pool
model, the fit with the data was particularly poor and and a hysteresis element. We postulated that in addition
this approach was therefore abandoned. to the phosphate that is released to maintain a target
In a second approach additional phosphate flux into intracellular concentration, there must be a critically low
the extracellular space was explored. In this model, phos- intracellular phosphate concentration, below which energy
phate was dialyzed initially according to two-pool kinet- dependant processes are compromised and a life-threat-
ening situation exists. The existence of such a protectiveics. A regulatory system was invoked releasing phosphate
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Fig. 3. Model B: Schematic representation of three-pool kinetics. The two-pool kinetic model of model A (Fig. 1) forms the basis of this model
with additional phosphate flux (F3) into the extracellular space from a third pool. This occurs in proportion to the phosphate error () or the
difference between the momentary intracellular phosphate concentration and an intrinsic intracellular phosphate target concentration. The magnitude
of phosphate generation is dependent on a constant factor termed the gain. Abbreviations are in the legend to Figure 1.
Fig. 4. Representative treatment exhibiting
features of model B. Two-pool kinetics are
operational beyond the duration of dialysis.
When the prevailing phosphate concentration
falls below the target point phosphate is re-
leased from the third pool. The critically low
limit is not reached in this treatment.
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Fig. 5. Representative treatment exhibiting
features of model C. Kinetics are as for model
B (Fig. 4) but, in addition, when the critically
low limit is exceeded, fourth pool kinetics be-
come operational. The influx from this pool
switches off when a safe phosphate level has
been re-established.
mechanism was evident from the clear discontinuity that water 96.6  3.2% of the predicted Watson volume (V).
In contrast, during short dialyses it was necessary tocould be observed in the time course of phosphate varia-
tion, as shown in Figure 5. The switching point of the assume a lower effective total body water 68.0  4.5%
hysteresis element can be inferred from the observed of predicted volume, and a corresponding reduction in
discontinuity. When the intracellular phosphate concen- Kie urea in order to achieve the same degree of accuracy.
tration falls to the critically low level, the hysteresis ele- (Fig. 8B) The values used to compensate for cardiopul-
ment results in a rapid switching on of the generation monary recirculation (CPR) averaged 4.3 0.4% in long
process with phosphate generated from a fourth pool dialysis and 5.4  0.8% in short dialysis (P  0.01).
local to the intracellular space. The hysteresis element
Phosphate kineticsensures liberation of phosphate over a limited concentra-
tion band, which prevents oscillations about the critically Model A: Two-pool kinetics. An attempt was made
low limit. Once intracellular phosphate concentrations to fit the phosphate data to the same two-pool model.
are restored, normal proportional control applies as de- It was clear that phosphate kinetics were markedly dif-
scribed for model B. The critically low limit may be ferent (Fig. 9). During the initial part of the dialysis ses-
encountered several times during the course of a treat- sion extracellular inorganic phosphate concentrations fell
ment, as shown in Figure 6. This is particularly likely to rapidly, but a point was reached beyond which the mea-
occur when the pre-dialysis serum phosphate concentra- sured phosphate concentration plateaued or in some pa-
tion is low. The model can be represented schematically tients even began to rise. This phenomenon did not ap-
(Fig. 7) and mathematically (Appendix). pear to be related to alterations in acid-base status as
assessed by the serum bicarbonate concentration during
dialysis (Fig. 10). No correlation between the bicarbon-
RESULTS
ate concentration and the phosphate concentration could
Urea kinetics be demonstrated at any point in the dialysis process.
The average cumulative standard deviation between theIt was possible to achieve excellent fits with a two-
pool model for the urea data in long dialysis (Fig. 8A) observed phosphate data and the two-pool model was
0.22  0.04 mmol/L for long dialysis and 0.22  0.03with a median intracellular to extracellular transfer coef-
ficient for urea (Kie urea) of 750 mL/min and total body mmol/L for short dialysis.
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Fig. 6. Representative treatment exhibiting
features of model C with repeated activation
of fourth pool kinetics.
Fig. 7. Model C: Addition of hysteresis element to model B. In addition to the proportional control mechanism shown in the three-pool model
(Fig. 3), critically low intracellular phosphate levels trigger immediate release of phosphate from a fourth pool local to the intracellular space (F4).
This independent mechanism serves to protect the intracellular environment from dangerously low phosphate concentrations. Abbreviations are
in the legend to Figures 1 and 3.
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Fig. 8. Representative data from one patient
showing observed urea levels during dialysis
() versus urea levels predicted by two-pool
model (represented by the line) in (A) long
dialysis and (B) short dialysis. Allowing for
cardiopulmonary recirculation (CPR) and for
a degree of peripheral compartmentalization
in the short dialysis, it was possible to achieve
excellent fits between the observed urea data
and the two-pool model, assuming an intra-
cellular to extracellular transfer coefficient
(Kie). In A, Kie  750 mL/min; CPR  4%;
volume  100%. In B, Kie  413 mL/min;
CPR  4%; volume  57.5%.
Fig. 9. Mean observed phosphate levels during dialysis for all 58 treat-
ments versus phosphate levels predicted by two-pool model. A clear Fig. 10. Serial mean plasma bicarbonate measurements throughout
discontinuity exists where the phosphate data plateaus and deviates dialysis. Bicarbonate levels increase throughout dialysis. No plateau is
from the two-pool model. The degree of rebound can also be seen to seen during dialysis in the bicarbonate data in contrast to the phosphate
be greater in the observed data than the two-pool prediction. Symbols data (Fig. 9). Data are mean  95% confidence intervals.
are: () observed phosphate data; () two-pool model. Observed phos-
phate data are mean  95% confidence intervals. For the key to the
time differential axis, see “Sampling and assay techniques.”
plain the observed phosphate data. The addition of
fourth pool kinetics in these treatments provided no fur-
ther improvement in the degree of fit between the modelModel B: Three-pool kinetics to maintain a target phos-
phate concentration. According to model predictions the and the observed data. The cumulative standard devia-
tions were 0.03  0.01 mmol/L and 0.04  0.01 mmol/Ltarget concentration for phosphate averaged 1.22 0.08
mmol/L for long dialysis and 1.15  0.10 mmol/L for for long and short treatments, respectively. One repre-
sentative treatment is shown in Figures 4 and 12B withshort dialysis (P NS). The target concentration almost
always fell within the physiological range (Fig. 11A), but the corresponding cumulative standard deviation curves
shown in Figure 12B.within this range showed significant correlation with the
pre-dialysis serum phosphate concentration (r  0.47, Model C: Addition of a fourth pool and hysteresis ele-
ment. The critically low concentration ranged from 0.41P  0.001; Fig. 11B).
During the period of active phosphate regulation the mmol/L to 1.44mmol/L with a mean of 0.86 mmol/L in
long dialysis and 0.74 mmol/L in short dialysis (P dialysis process continued to remove phosphate at an
average rate of 0.16  0.02 mmol/min in long dialysis NS). Correlation was found between the critically low
phosphate concentration and the pre-dialysis phosphateand 0.18  0.02 mmol/min in short dialysis. To maintain
the phosphate plateau the generation rate from the third concentration (r  0.67, P  0.001) (Fig. 13). According
to the model the liberation of phosphate from this fourthpool must be of a similar order.
In eight long dialysis treatments and six short dialysis pool ceased when the measured phosphate concentra-
tion had risen by a mean of 0.07  0.02 mmol/L.treatments this three-pool model could adequately ex-
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for the remainder of treatments (P  0.01). A close fit
between the model and the data for the remaining 44
treatments was achieved when the hysteresis element of
model C was applied. The cumulative standard deviation
measurements for all 58 treatments in models A, B and
C are shown in Tables 1 and 2.
Comparisons between phosphate data in long and
short dialysis
Pre-dialysis phosphate concentrations were 1.74 
0.23 mmol/L for long dialysis and 1.71  0.19 mmol/L
for short dialysis (P  NS). The minimum phosphate
concentration achieved in short dialysis treatments was
significantly lower (P  0.001; Fig. 15) than that in long
dialysis. There was no statistical difference in the criti-
cally low limit between the long and short treatments,
suggesting that either there is a short time lag before the
control mechanisms become active or that these mecha-
nisms are overwhelmed by higher phosphate losses in
short dialysis. The higher dialyzer clearances and lower
effective V in short dialyses result in a more rapid rate
of decrease in the measured extracellular phosphate con-
centration in the initial stages of dialysis (Table 3).
KiePO4 was significantly higher in long versus short dial-
ysis (P  0.01), but this difference was not apparent
when corrected for the effects of phosphate distribution
volume (PNS; Table 3). Post-dialysis phosphate levels
in long dialysis (0.83 0.07 mmol/L) were higher than in
short dialysis (0.65 0.05 mmol/L; P 0.001). Phosphate
levels during the measured rebound up to 60 minutesFig. 11. (A) Target phosphate concentration. The majority of values
were significantly higher in the long dialysis group al-fell within the physiological range (0.75 to 1.40 mmol/L) and those that
did not tended to have higher pre-dialysis phosphate concentrations though the rate of rebound with time in the short dialysis
(shown in parenthesis). (B) Correlation between pre-dialysis serum treatments was greater (Fig. 15). Despite lower phos-phosphate concentration and target extracellular phosphate concentra-
phate levels during dialysis the mass of phosphate re-tion according to the model (r  0.47, P  0.001).
moved during short dialysis was significantly less than
during long dialysis (26.33 4.38 vs. 30.89  4.70 mmol;
P  0.02).
Model C shows an excellent fit with the observed data
for the 21 long and 23 short treatments not explained
DISCUSSIONby model B. The mean cumulative standard deviations
were 0.03 0.01 mmol/L for both long and short dialysis Phosphate kinetics remains a poorly studied area of
treatments. Two representative treatments are shown in hemodialysis research despite the ubiquity of hyperphos-
Figures 5, 6 and 14 with their corresponding cumulative phatemia. Existing strategies to achieve phosphate con-
standard deviation curves shown in Figure 14. trol rely heavily on dietary restriction and the use of
phosphate binders. The average daily intake of phos-
Summary of all models phate in a Western diet is 26 to 67 mmol with a “renal”
diet expected to provide 18 to 36 mmol, with 10 to 30Models A, B and C were progressively implemented
until the best approximation to the data was achieved. mmol of this actually absorbed [9]. It is difficult to
achieve a lower phosphate intake due to the necessityThe application of model A demonstrated a reasonable
fit for the initial part of dialysis corresponding to two- of maintaining adequate protein intake, so patients on
hemodialysis are likely to remain in positive phosphatepool kinetics but a poor fit thereafter. The implementa-
tion of model B demonstrated a close correlation be- balance despite the use of phosphate binders. Utilizing
high-flux membranes for hemodialysis or hemodiafiltra-tween the model and the data in a minority of treatments
(14 of 58). The pre-dialysis serum phosphate concentra- tion and increasing the surface area of the dialyzer mem-
brane can remove phosphate more efficiently, althoughtion for these 14 treatments was significantly higher than
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Fig. 12. (A) Representative treatment exhib-
iting three-pool kinetics. Symbols are: () ex-
tracellular phosphate data. Lines are: dotted,
two-pool kinetics; solid, three-pool kinetics.
(B) Cumulative standard deviation curves for
panel A.
Recognition of the departure of the phosphate data
from standard two-pool kinetics has led to the hypothesis
of a third pool of phosphate although its nature is not
clear [13–17]. The existence of a third pool is consistent
with work demonstrating the absence of a plateau phase
when bovine blood is dialyzed in vitro [18]. Studies in
erythrocytes demonstrate that intracellular to extracellu-
lar phosphate equilibrium was reached at a higher extra-
cellular phosphate concentration in the erythrocytes of
dialysis patients compared to controls, suggesting adap-
tation to the hyperphosphatemic environment [19]. This
may explain the observation that the critically low point
and target point are dependent on the pre-hemodialysis
phosphate concentration. (Figs. 11B and 13). 32P and
NMR studies demonstrate glycophosphates in uremic
Fig. 13. Correlation between pre-dialysis serum phosphate concentra- erythrocytes not present in healthy controls that could
tion and critically low extracellular phosphate concentration according
conceivably act as a source of phosphate during dialysisto the model (r  0.67, P  0.0001).
[19, 20].
In studies of hemodialysis patients, Sugasaki described
a single-pool extracellular compartment model and pro-no improvement is seen in the pre-dialysis phosphate
posed phosphate generation from reserves, triggered bylevels of patients dialyzed this way [10, 11]. Bicarbonate
the reduction of phosphate during dialysis to a nadirreplacement fluid has not been shown to be superior to
unique to each patient. Their studies recognized the cor-acetate in terms of phosphate removal [12].
relation of the phosphate nadir with the pre-dialysis se-It is known that phosphate removal does not follow
rum phosphate concentration [20, 21]. Maasrani studiedthe same diffusion kinetics described for urea [13, 14].
four pediatric patients over eight dialysis sessions andRegardless of the duration of dialysis a characteristic
suggested that the plateau phase of phosphate kineticsplateau phase is rapidly reached below which phosphate
was maintained by a time-dependent influx from thelevels do not fall. The reasons for this are complex and
intracellular space [18]. These studies all described therelate to the mobilization of phosphate from unidentified
influx of phosphate in terms of a linear or exponentialstores during the dialysis procedure. Longer dialysis
increase in the rate of phosphate generation (or gain)treatments remove a higher mass of phosphate, but also
that did not fully explain the observed data. Pogglitschresult in significantly higher post-dialysis phosphate con-
studied 28 hemodialysis patients and suggested that gen-centrations according to our data. This is indicative of
eration of phosphate was in response to falling extracel-phosphate being mobilized to a greater extent in long
lular phosphate levels [19]. The point at which phosphatedialysis. In the post-dialysis period there is a rebound
generation was initiated was again observed to be depen-phenomenon persisting for in excess of one hour. The
dent on the pre-dialysis phosphate concentration. Thisrate of the rebound with time is significantly higher in
study suggested that additional phosphate was releasedthe short treatment group, which may be due to the
into the extracellular space in proportion to the differ-additive effect of re-equilibration of phosphate from pe-
ence between the momentary phosphate concentrationripheral compartments that have been poorly perfused
during the short dialysis treatment. and a critical level (equivalent to the target concentration
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Fig. 14. Two representative treatments (A and B) exhibiting four-pool kinetics with corresponding cumulative standard deviation curves (C and
D). (A) The pre-hemodialysis serum phosphate concentration is 1.07 mmol/L and there is a substantial contribution toward regulation from both
the third and fourth pools. (C) The pre-hemodialysis serum phosphate concentration is 0.88 mmol/L and the contribution toward regulation from
the third pool is minimal. This is presumably because this individual has little in the way of third-pool phosphate stores. Symbols are: ()
extracellular phosphate data; (dotted line) two-pool kinetics; (dashed line) three-pool kinetics; (solid line) four-pool kinetics.
Table 1. Comparison of cumulative standard deviation cellular compartments throughout the dialysis process is
measurements for the fourteen treatments adequately
assumed, consistent with a two-pool model. Model Bexplained by three-pool kinetics
implements additional phosphate release from a third
Model A Model B pool to maintain a pre-determined target phosphate con-(two pool) (three pool)
centration. Although the additional phosphate enters the
Long dialysis (8/29) 0.170.06 0.030.01b
extracellular space, which is consistent with PogglitschShort dialysis (6/29) 0.180.13 0.040.01a
et al’s model [19], we propose that it is changes in theValues are mean  95% confidence intervals. Significance values are com-
pared to model A (Student paired two sample for means). intracellular phosphate concentration that trigger the
a P  0.05, b P  0.01 control mechanism. In theory, the generation process
from the third pool would be switched off once intracel-
lular phosphate concentrations reach the target level,
although this was not evident in the current data sincein our model). This process continued into the post-
the rebound clearly extended beyond our final measure-dialysis period [19].
ment at 60 minutes post-dialysis. In model C, we addi-Our model expands these ideas with the introduction
tionally describe the existence of a fourth pool that isof biphasic control involving sequential implementation
operational in the majority of treatments studied. Thereof control mechanisms in response to changes in the pre-
is a hysteresis element deduced from the discontinuitiesvailing phosphate concentration. (Figs. 1–7). In model A
dynamic equilibrium between the intracellular and extra- in the data that reflects a “switching on” effect that exists
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Table 3. Intradialytic parametersTable 2. Comparison of cumulative standard deviatio
measurements for the 44 treatments explained by
Long Short P valuefour-pool kinetics
Td min 240.75.3 147.36.5 0.001Model A Model B Model C
CPR % 4.30.4 5.40.8 0.01(two pool) (three pool) (four pool)
%Watson volume (V) 96.63.2 68.04.5 0.001
KdPO4(model) mmol/min 158.412.1 226.413.1 0.001Long dialysis (21/29) 0.240.05 0.150.05a 0.030.01a
Short dialysis (23/29) 0.230.03 0.110.02a 0.030.01a KdPO4(meas) mmol/min 171.89.5 223.017.0 0.001
KiePO4 mL/min effective 351.033.9 242.623.2 0.001Values are mean  95% confidence intervals. Significance values are com-
KiePO4 mL/min corrected for V 363.832.7 363.832.7 NSpared to model A (Student paired two sample for means).
KdUrea(model) mmol/min 151.19.3 214.813.5 0.001a P  0.001
KdUrea(meas) mmol/min 185.610.2 285.215.2 0.001
KieUrea mL/min effective 714.446.7 513.248.2 0.001
KieUrea mL/min
corrected for V 739.638.7 699.141.9 NS
Values are mean  95% confidence intervals. Abbreviations are: Td, length
of dialysis; CPR, cardiopulmonary recirculation; KdPO4(model), dialyzer clear-
ance of phosphate used in model calculations; KdPO4(meas), dialyzer clearance
of phosphate calculated during dialysis; KiePO4, intracellular to extracellular
transfer coefficient for phosphate; KdUrea(model), dialyzer clearance of urea
used in model calculations; KdUrea(meas), dialyzer clearance of urea calculated
during dialysis; KieUrea, intracellular-to-extracellular transfer coefficient for
urea.
phosphate control in the pre-dialysis period. Earlier re-
ferral of patients with chronic renal failure would allow
the timely introduction of dietary phosphate restriction
and phosphate binders to prevent patients starting their
dialysis careers in positive phosphate balance. Currently
used phosphate binders may be inadequate for this task.
The observed time course of the hysteresis effect of
our proposed model is difficult to explain if phosphateFig. 15. Comparison of observed serum phosphate concentrations in
long and short dialysis for all 58 treatments. Symbols are: () short is released purely from a bone-related pool. The speed
dialysis; () long dialysis; *P  0.001 and **P  0.01, paired t test. of the hysteresis response might imply phosphate releaseData are mean  SEM values.
by a mechanism such as cell lysis, but the observation that
the hysteresis can switch on and off repeatedly during a
dialysis treatment is against this action. The more proba-
ble explanation is the existence of a fourth pool local toto protect against critically low intracellular phosphate
the intracellular space that provides emergency protec-levels. Where the critically low intracellular phosphate
tion against life threatening, critically low intracellularconcentration is not encountered during dialysis (in 24%
phosphate concentrations. It is possible that glycophos-of patients in this study), the hysteresis element is not
phates as described in some in vitro studies [19, 20] couldinvoked and the three-pool model can adequately ex-
be involved in this short-term regulation mechanism.plain phosphate kinetics.
This mechanism is likely to represent physiological pro-Four pools of phosphate in our model best describe
tection and also may operate in normal controls.the behavior of our data, and the kinetics of phosphate
Our model sequentially implements the third andclearly involves more complex mechanisms than simple
fourth pools, allowing all treatments in both the longdiffusion. The gut is an unlikely candidate for the third
and short dialysis groups to be explained by passive two-or fourth pools as all the patients we studied were fasting.
pool, three-pool, and emergency fourth-pool regulatoryDialysis patients are likely to have pathological stores
processes. This implies common mechanisms operatingof phosphate possibly in bone as 86% of total body
across all dialysis treatments and supports the physiologi-phosphate is in bone and approximately 250 mg phos-
phate is mobilized daily in the process of remodeling. cal validity of the model. Phosphate generation from a
third pool allows the removal of more phosphate duringThe third-pool phase of phosphate regulation can poten-
tially be explained by efflux from such stores, possibly dialysis than is permitted by passive two-pool kinetics.
This is theoretically beneficial for reducing the excessivefrom a pool of phosphate not yet incorporated into bony
matrix. If so, this phase would only be sustained in indi- phosphate stores that exist in chronic hemodialysis pa-
tients. However, the switch to fourth pool kinetics in theviduals with excess total body phosphate. The recogni-
tion that most hemodialysis patients have an excess of way we have described may give cause for concern. We
have observed that the majority of dialysis patients in-stored phosphate presents a challenge to achieve better
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Therefore,voke fourth pool kinetics in response to critically low
phosphate concentrations. These low phosphate levels dCe
dt

(Ci  Cc)Kie  CeKd  CeQu
Ve(t)
(Eq. 9)
may contribute to dialysis-related symptoms and possi-
bly to the excess morbidity and mortality seen in these Similarly for the intracellular space,
patients in the longer term. Our study did not appear to
dMi
dt

d(CiVi)
dt
 (Cl  Ce)Kie (Eq. 10)result in major intradialytic symptoms, although this was
not a primary end-point. This would be an interesting
soarea for further study. To avoid the implementation of
fourth pool kinetics it would be necessary to prevent phos- dCi
dt

(Ci  Ce)Kie
Vi
(Eq. 11)
phate concentrations reaching the critically low limit,
which could be achieved by longer and slower treatments
Model B: Passive diffusion  regulated intracellular PO4[9]. Daily dialysis currently appears to be the only tech-
nique capable of safely depleting excess phosphate stores The derivation of model B is identical to Model A with the addition
of flux F3. F3 represents a source of PO4 from the third pool that feedsand maintaining patients in optimal phosphate balance,
into the extracellular space.although whether this will be practical for the majority
As a first approximation it is assumed that the flux F3 is proportionalremains doubtful. to the difference between the intracellular concentration of phosphate
and a desired set point, Ciset. Hence, an expression for flux F3 may be
written as:ACKNOWLEDGMENT
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The kinetics of the intracellular compartment are identical to that of
Model A above.APPENDIX
Model C: Passive diffusion, intracellular regulation Model A: Passive diffusion
immediate actionThe mass of PO4 in the intracellular and extracellular compartments
is: Model C considers an additional mechanism that is invoked when
phosphate falls below a critical limit. Under this condition, phosphateMi  CiCi and Mc  CeVe (Eq. 3) is liberated immediately at a fixed rate F4, from a fourth pool contained
within the intracellular environment. A more sophisticated mechanismwhere Ci, Ce and Vi, Ve represent the concentrations and volumes of
is beyond limits of that which could be deduced from the data available.the intracellular and extracellular spaces, respectively. The rate of
The hysteresis element has the properties:change of mass in the extracellular compartment depends on the fluxes
F1, the diffusive flux across the dialyzer membrane Fd and the convective IF Ci  CiCrit AND F4 off, THEN F4 on (Eq. 14)component Fc as depicted in Figure 1.
IF Ci  CiHighLimit AND F4 on, THEN F4 off (Eq. 15)dMe
dt
 F1  Fd  Fc and
dMi
dt
 F1 (Eq. 4)
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